Introduction
Pancreatic ductal adenocarcinoma (PDA) carries one of the most dismal prognoses of all human malignancies (1) . To identify strategies for diagnosing and treating PDA during the preinvasive stages, it is essential to improve our understanding of the molecular pathogenesis leading to PDA initiation and progression. PDA is thought to arise from 3 premalignant lesions, including pancreatic intraepithelial neoplasia (PanIN), intraductal pancreatic mucinous neoplasm (IPMN), and mucinous cystic neoplasm (MCN) (2) , with the majority of PDAs thought to arise from PanIN (1) . The occurrence of oncogenic KRAS mutations is the earliest genetic event in PDA pathogenesis, and these mutations are present in over 90% of all human PanIN1A/B (3). The significance of oncogenic KRAS in PDA initiation and progression has been proven using genetically engineered mouse models (4, 5) . Furthermore, lineage-tracing studies using transgenic mice have demonstrated that pancreatic acinar cells possessing the Kras G12D mutation lose their acinar differentiation status and acquire a duct-like phenotype in a process called acinar-to-ductal metaplasia (ADM) (6) (7) (8) (9) .
ADM is thought to evolve into PanIN lesions and eventually progress into invasive PDA. Thus, ADM is considered to be the initial morphological change in PanIN-derived PDA formation.
Recent global genomic studies revealed that human PDAs have mutations in 10 core signaling pathways (10) . The SWI/SNF chromatin remodeling complex, which is part of a family of complexes that permit DNA-protein contacts to regulate gene expression, is one of these pathways. Approximately 14% of all human PDAs have inactivating mutations in components of SWI/SNF chromatin remodeling complexes (10) . Brahma related gene 1 (BRG1, human SMARCA4) is 1 of 2 catalytic ATPase subunits of the SWI/SNF-chromatin remodeling complexes, and a recent study demonstrated that BRG1 inactivation occurs in approximately 10% of human PDAs (11) . Recently, we focused on the role of BRG1 in pancreatic tumorigenesis and showed that the pancreasspecific loss of Brg1 in the presence of oncogenic Kras results in the formation of cystic neoplastic lesions that resemble human IPMN capable of progressing to PDA (12) . Moreover, pancreatic duct-specific loss of Brg1 in the presence of oncogenic Kras results in IPMN formation, showing that IPMN is derived from pancreatic ductal cells. In contrast, not only does loss of Brg1 in pancreatic acinar cells in the presence of oncogenic Kras prevent IPMN formation, it also reduces spontaneous PanIN formation. Therefore, BRG1 appears to possess cell type-specific roles in KRAS-driven Chromatin remodeler Brahma related gene 1 (BRG1) is silenced in approximately 10% of human pancreatic ductal adenocarcinomas (PDAs). We previously showed that BRG1 inhibits the formation of intraductal pancreatic mucinous neoplasm (IPMN) and that IPMN-derived PDA originated from ductal cells. However, the role of BRG1 in pancreatic intraepithelial neoplasia-derived (PanIN-derived) PDA that originated from acinar cells remains elusive. Here, we found that exclusive elimination of Brg1 in acinar cells of Ptf1a-Cre ER ; Kras G12D ; Brg1 fl/fl mice impaired the formation of acinar-to-ductal metaplasia (ADM) and PanIN independently of p53 mutation, while PDA formation was inhibited in the presence of p53 mutation. BRG1 bound to regions of the Sox9 promoter to regulate its expression and was critical for recruitment of upstream regulators, including PDX1, to the Sox9 promoter and enhancer in acinar cells. SOX9 expression was downregulated in BRG1-depleted ADMs/PanINs. Notably, Sox9 overexpression canceled this PanIN-attenuated phenotype in KBC mice. Furthermore, Brg1 deletion in established PanIN by using a dual recombinase system resulted in regression of the lesions in mice. Finally, BRG1 expression correlated with SOX9 expression in human PDAs. In summary, BRG1 is critical for PanIN initiation and progression through positive regulation of SOX9. Thus, the BRG1/SOX9 axis is a potential target for PanIN-derived PDA.
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Results
Acinar cell-specific ablation of Brg1 drastically attenuates Kras G12D -driven spontaneous ADM and PanIN formation. We first ascertained the expression pattern for BRG1 in all the lineages of mouse PanIN-derived PDAs. Immunohistochemical analysis revealed that BRG1 was expressed in adult pancreatic acinar cells in WT mice and in the ADMs, PanINs, and PDAs of Ptf1a-Cre; Kras G12D ; Trp53 R172H mice, an established model for PDA in which 1 allele of the tumor suppressor p53 is mutated through Cre recombination in pancreatic epithelial cells in parallel with expression of oncogenic Kras G12D ( Figure 1A) . A previous study showed that acinar-specific loss of Brg1 in an oncogenic Kras background reduces spontaneous PanIN formation (12) . To confirm this and to investigate whether Brg1 deletion affects acinar cell-derived ADM formation, we generated Ptf1a-Cre ER ; Kras G12D ; Brg1 fl/fl mice. In these animals, Brg1 is deleted and oncogenic Kras is expressed exclusively in adult pancreatic acinar cells upon tamoxifen induction of Cre activity. To deterpancreatic tumorigenesis: inhibition of IPMN formation from ductal cells and promotion of PanIN formation from acinar cells (12) . Furthermore, we recently showed that BRG1 suppresses IPMN formation by inhibiting the dedifferentiation of ductal cells, whereas BRG1 promotes tumorigenesis in full-blown IPMN-PDA by supporting a mesenchymal-like transcriptional landscape (13) . However, the precise role of BRG1 in the formation of acinar cellderived PanIN and PanIN-derived PDA is not fully understood.
Here, we investigate the contribution of BRG1 to the formation of PanIN and PanIN-derived PDA. For this purpose, we used genetically engineered mouse models and ex vivo acinar cell culture experiments. We provide evidence that BRG1 plays a critical role in acinar cell-derived Kras-induced ADM and PanIN formation through regulation of Sox9 expression in mice. Furthermore, we showed that BRG1 is critical for maintenance of established PanIN by using an inducible dual recombinase system in mice. In summary, our data highlight cell type-specific, context-dependent roles for BRG1 in the initiation and progression of PDA. Figure 2, C and D) . Indeed, BRG1-negative Alcian blue-positive areas constituted only 28% of the total Alcian blue-positive areas present ( Figure 2D ). These data indicate that, under inflammatory conditions, PanINs develop predominately from cells that escaped Brg1 deletion. Thus, BRG1 function is critical in pancreatitis-induced PanIN formation.
Brg1 is required for PanIN and PDA formation in the presence of mutant p53. We previously reported that expression levels of tumor-suppressor genes, such as p16 and p53, are altered in Brg1-depleted IPMN lesions (12) . Therefore, we examined the expression levels of p16 and p53 in Brg1-depleted PanINs. Immunohistochemical analysis revealed that expression levels of p16 and p53 were reduced in BRG1-depleted PanINs (Supplemental Figure 1 , A and B; supplemental material available online with this article; https://doi.org/10.1172/JCI94287DS1). Although these genes were suppressed, loss of BRG1 in acinar cells resulted in decreased PanIN formation. These data suggest that BRG1 plays a critical role in PanIN formation independently of p16 and WT p53. Mutant p53 is known to not only suppress WT p53 function, but also to have additional oncogenic roles (15) . Furthermore, p53 mutations are the second most frequent mutations found in human PDAs (16) . A previous study has demonstrated that mice expressing oncogenic Kras and mutant p53 during embryogenesis develop PanINs that eventually progress to lethal PDAs within their first 4 to 5 months of life (5 ; Brg1 fl/+ mice as controls (Figure 3A) . We identified PanINs by H&E and Alcian blue staining ( Figure 3B ). Phospho-ERK and p53 immunostaining confirmed Kras and mutant p53 activity, respectively ( Figure 3B Figure 1B ) and found that BRG1 protein expression was lost in 45% of all pancreatic acinar cells via quantification of immunohistochemical analysis ( Figure 1C) (12) . We examined ADM and PanIN formation by H&E and Alcian blue staining, respectively, to assess intestinal mucin production ( Figure 1E ). Phosphorylated ERK (phospho-ERK), one of the downstream targets of KRAS, was detected by immunohistochemistry to confirm Kras activation ( Figure 1E ). Figure 1E ). Indeed, BRG1-negative ADM-like lesions and Alcian blue-positive areas constituted only 18.5% and 22% of the total ADM-like lesions and Alcian blue-positive areas, respectively ( Figure 1F) allele, but had escaped Brg1 deletion. Therefore, acinar cell-specific ablation of Brg1 drastically attenuated KRAS-driven spontaneous ADM and PanIN formation at both stages, indicating that BRG1 is critical for acinar cell-derived spontaneous KRAS-driven ADM and PanIN formation in mice.
Brg1 is required for PanIN formation after pancreatic injury in the presence of mutant Kras.
Chronic pancreatitis is known to be a risk factor in humans for developing PDA (1) . Previous studies have demonstrated that caerulein-induced acute or chronic pancreatitis significantly accelerates PanIN formation in mutant Kras backgrounds (6, 14) . Therefore, we tested to determine whether Brg1 deletion also affects PanIN formation in the context of acute pancreatitis. We induced caerulein-mediated acute pancreatitis 2 weeks after tamoxifen injection in 4-week-old Figure 2A ). We identified PanIN formation using H&E and Alcian blue staining ( Figure 2B ). BRG1 and phospho-ERK immunostainings confirmed BRG1 deletion and Kras activation, respectively ( Figure 2B ). We found that the areas of Alcian blue-positive jci.org Volume 128 Number 8 August 2018
ifen administration (Supplemental Figure 2A ). Figure 2B) . Notably, the 1 PDA that was formed in 1 ; Brg1 fl/fl mice were administered tamoxifen and analyzed 6 months after tamox- Brg1 is required for ADM formation ex vivo. To gain further insights into the underlying molecular mechanisms controlling the role of BRG1 in acinar cell-derived KRAS-driven tumorigenesis, we next performed ex vivo acinar cell culture experiments (17) . First, we isolated primary acinar cell explants from Ptf1a-Cre; Brg1 fl/fl and WT pancreata. These acinar cell explants were cultured under 3D conditions for 5 days. Then, ADM formation was assessed with or without TGF-α treatment, which is known to induce ADMs and PanINs (17, 18) . ADM formation in Ptf1a-Cre; Brg1 fl/fl acini was significantly attenuated compared with that in WT acini with or without TGF-α administration ex vivo, indicating that BRG1 is required for ADM formation in this context (Supplemental Figure 3A) .
Acinar cell identity is compromised in Brg1-depleted acinar cells. To examine transcriptional changes in Brg1-depleted versus WT acini during the acinar-to-ductal metaplastic conversion, we next performed reverse transcriptase PCR (RT-PCR) on isolated acini for genes important for pancreatic development and maintenance of pancreatic differentiation. We found that expression levels of multiple genes involved in acinar cell identity, including Cpa1, Amy2a4, Gata6, were significantly downregulated in acini isolated from Ptf1a-Cre; Brg1 fl/fl mice (Supplemental Figure 3B) . We also found a strong, but not statistically significant, downregulation in the expression levels of Ptf1a and Nr5a2. Ptf1a, Nr5a2, and Cpa1 are expressed in multipotent progenitor cells during pancreatic development and in adult acinar cells (19) (20) (21) (22) . Gata6 is required for the differentiation and maintenance of acinar cells, and it is expressed in adult acinar cells (23) . Notably, expression of Sox9, which is commonly expressed in multipotent progenitors Figure 3C ). To explore during pancreatic development (24, 25) and transiently expressed during acinar-to-ductal metaplastic transformation (6) Figure 4A ). These results were consistent with our previous finding that BRG1 binds to the Sox9 promoter in PanIN-derived mouse PDA cell lines (12) . Therefore, these results suggest that BRG1, at least in part, directly regulates Sox9 expression in acinar cells during ADM/PanIN formation.
To gain further insight into the mechanisms by which BRG1 regulates Sox9 expression, we performed RT-PCR analysis of genes that are known to regulate Sox9 expression in the pantranscriptional changes acutely after Brg1 deletion, microarray analyses were performed on Kras G12D and Kras G12D ; Brg1 fl/fl acinar cell explants 24 hours after adenovirus infection. At this point, acinar cell explants underwent dedifferentiation (27) . Notably, 6,321 genes were differentially expressed using 1.5-fold change. (Supplemental Table 1 ). Pathway enrichment analyses of Gene Ontology using the software program DAVID 6.8 (https://david.ncifcrf. gov/) identified 32 biological processes that were significantly enriched between Brg1-depleted and Brg1-WT dedifferentiated acinar cell explants with oncogenic Kras (FDR set at 0.05). These processes included transcription, phosphorylation, chromatin modification, cell cycle, apoptotic process, angiogenesis, ubiquitination, cell migration, embryo development, and cell differentiation (Supplemental Table 2 ). We next focused on the expression of genes important for pancreatic development and maintenance of pancreatic differentiation. We found that the expression of some genes regulating acinar cell identity, including Ptf1a and Xbp1 (28) , and some genes important for progenitor potential, including Sox9, Foxo1 (29, 30) , and Glis3 ( hi (n = 112, the higher 75%) and BRG1 lo groups (n = 38, the lower 25%) from a cohort of 150 patients in the TCGA data set. In the box-and-whisker plots, horizontal bars indicate the medians, boxes indicate 25th to 75th percentiles, and whiskers indicate minimum to maximum without outlier. ***P < 0.001, Student's t test. jci.org Volume 128
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overexpression is capable of promoting formation of KRAS-driven PanINs from acinar cells that have lost BRG1 expression. Therefore, Sox9 overexpression offsets the reduction of PanIN formation by Brg1 deletion. These results provide evidence that Sox9 is a key downstream effecter of Brg1 in acinar cell-derived KRAS-driven PanIN formation in mice. BRG1 ablation in formed PanIN resulted in regression of the lesions. One caveat of the above-mentioned in vivo experiments is that the activation of oncogenic KRAS and deletion of Brg1 happens simultaneously. Therefore, we decided to test to determine whether BRG1 deletion in an established PanIN has any adverse consequences on the neoplastic lesion. To address this question, we used the recently developed 2-hit mouse model, which permits independent temporal modification of 2 alleles using the Flp and Cre recombinases (38) (Figure 6A ). For example, we activated oncogenic KRAS using the Flp recombinase directed by the mouse Pdx1 promoter. To delete BRG1 in Flp-recombined cells via Cre recombinase at a later time point of our choice, we used a tamoxifen-inducible CreERT2 allele silenced by an FRT-STOP-FRT cassette in the Rosa26 locus. Tamoxifen treatment induced the expression of the CreERT2 allele, which in turn prompted recombination of the LoxP site at the Brg1 locus. We aged Pdx1-Flp; FSF-Kras G12D animals up to 8 to 16 weeks to ensure PanIN formation and then deleted Brg1 via tamoxifen administration. Two or eight weeks after tamoxifen administration, we euthanized these animals and analyzed their pancreata. At the 2-week time point, control (Pdx1-Flp; FSF-Kras G12D ) animals had developed ADM and PanINs, whereas Brg1-deleted mice exhibited significantly less disease burden ( Figure 6B ). More pronounced differences were observed at the 8-week time point. Whereas control animals displayed abundant PanIN formation, deletion of Brg1 ablated formation of neoplasia, which was evident in the H&E and Alcian blue stainings. Quantification revealed 8 times less PanIN burden in Brg1-depleted animals ( Figure 6C ). When assessed for BRG1 expression in these PanINs developed in Brg1-floxed animals, 80% of lesions were BRG1 positive, clearly indicating that PanINs require BRG1 expression for maintenance ( Figure 6D ). We further interrogated why BRG1 expression is critical for the maintenance of established PanINs. To address this question, 8-to 16-week-old
Pdx1-Flp; FSF-Kras G12D ; FSF-Rosa26
CreER ; Brg1 fl/fl mice were administered tamoxifen and analyzed 3 days after tamoxifen administration (Supplemental Figure 6A) . We found that deletion of Brg1 resulted in widespread apoptosis of PanIN cells (Supplemental Figure 6B ). These data indicate that BRG1 is critical for the maintenance and progression of established PanINs and acts by inhibiting apoptosis.
BRG1 expression correlated with SOX9 expression in human PDA. Finally, to determine whether a BRG1/SOX9 axis is observed in human PanIN-derived PDAs, we performed immunohistochemistry on 27 PanIN-derived PDA samples that had no evidence of IPMN and had surrounding PanINs ( Figure 7A ). BRG1 was highly expressed in 21 of 26 PanINs and 22 of 27 PDAs ( Figure 7B ). This finding supported the notion that BRG1 is important for PanIN-derived PDA formation.
To determine whether genomic alterations were present in human PDA cases, we performed targeted sequencing of 5 BRG1 lo samples. In total, 20 somatic mutations were identified, and TP53 creas. Specifically, Pdx1 and Sox9 generate a feed-forward loop during foregut differentiation (35) , Notch signaling regulates Sox9 expression positively in pancreatic development (36) , and Onecut1 regulates Sox9 expression in ADM (37) . RT-PCR analyses revealed that none of these upstream regulators of Sox9 in the pancreas were significantly changed in their expression in either Brg1-depleted acini (Supplemental Figure 3B and Supplemental Figure  4A ). However, loss of BRG1 compromised the binding of PDX1 to the Sox9 promoter and enhancer, as determined by ChIP analysis of isolated acini from WT mice compared with Brg1-depleted acini from Ptf1a-Cre ER ; Brg1 fl/fl mice that were treated with tamoxifen ( Figure 4B ). These data suggest that BRG1 is critical for recruitment of upstream regulators, including PDX1, to the Sox9 promoter and enhancer to promote its expression in acinar cells during ADM/PanIN formation. Figure 5C and Supplemental Figure  5A ). ground of mutant p53 and that PDA developed from acinar cells that had escaped Brg1 deletion. Taken together with our previous findings that Brg1 inhibits duct cell-derived IPMN and IPMN-derived PDA formation (12) , our data presented here highlight the cell type-specific context-dependent function of BRG1 in pancreatic tumorigenesis.
Sox9 overexpression rescues the reduction of KRAS-driven
To address the underlying molecular mechanism by which BRG1 regulates aspects of acinar cell-derived ADM and PanIN formation, we used ex vivo acinar cell culture approaches and analyzed transcriptional profiling. We found that Sox9 expression was downregulated in slightly dedifferentiated acini immediately after adenoviral BRG1 deletion as well as in BRG1-deleted acini isolated from Ptf1a-Cre; Brg1 fl/fl mice ex vivo. In our acinar cell culture experiment, we found decreased ADM formation in Brg1-deleted acinar cells, although surprisingly, acinar cell regulator genes, including Ptf1a and Nr5a2, which are known to inhibit ADM formation, were also downregulated. It is likely that reduced Sox9 expression in these cells provides an explanation for the lack of ADM formation in cells with reduced expression of acinar identity genes. Prior work has demonstrated that the loss of Ptf1a in acinar cells induces expression of Sox9 (39) and ADM formation (40) , likely mediated via upregulation of Sox9, which is critical for ADM formation in vitro (32) . Therefore, the lack of Sox9 expression in Brg1-deleted acinar cells impairs efficient ADM formation despite a reduction of acinar regulator genes.
Furthermore, our studies reveal that BRG1 positively regulates Sox9 expression during ADM/PanIN formation in vivo. Sox9 has been identified as a critical factor during PanIN-derived PDA formation (32) (33) (34) . Sox9 overexpression in pancreatic epithelial cells accelerates KRAS-induced PanIN formation, whereas Sox9 deletion in adult acinar cells prevents spontaneous as well as pancreatitis-induced ADM and PanIN formation. Notably, the Sox9 deletion phenotype in acinar cells appears to phenocopy that of Brg1 deletion in acinar cells. In support of the hypothesis that SOX9 acts downstream of BRG1, we observed that Sox9 overexpression promotes KRAS-driven PanIN formation following Brg1 deletion in mice. Thus, this in vivo evidence strongly suggests that essential aspects of BRG1 function during PanIN formation are mediated through positive regulation of Sox9 expression.
How does BRG1 regulate Sox9 expression? Consistent with our previous report (12) , here, we show that BRG1 binds to the Sox9 promoter regions to support its expression in murine acinar cells by ChIP analysis. Furthermore, we show that BRG1 is critical for recruitment of upstream regulators, including PDX1, to the Sox9 promoter and enhancer in acinar cells during ADM/PanIN formation. In support of these data, a recent study suggested that BRG1 is essential for PDX1 transactivation in pancreatic islet cells (41) . This notion is further emphasized by our acinar cell experiment data demonstrating that Sox9 expression was decreased immediately after Brg1 deletion in isolated acinar cells. It is possible that other upstream regulators of Sox9 in the pancreas, including Onecut1 and Notch signaling, also contribute to promoting Sox9 expression in acinar cells in collaboration with BRG1 during ADM/PanIN formation.
We also addressed the question of BRG1 function during PanIN maintenance by using the Flp/Cre system to eliminate Brg1 after PanIN formation had been initiated. The finding and KRAS mutations were detected in all 5 cases. However, no BRG1 somatic mutations were detected. Using copy number analysis, we identified deletions in 19p, the chromosomal location of BRG1, in 2 cases (Supplemental Figure 7 , A and B, Supplemental Table 3 ). Furthermore, analysis of The Cancer Genome Atlas (TCGA, https://cancergenome.nih.gov/) copy number alteration data revealed that BRG1 gene deletion has significant correlation with low BRG1 mRNA expression (Supplemental Figure 7C) .
Next, to investigate whether BRG1 and SOX9 expression were correlated in human PanINs and PanIN-derived PDAs, we performed immunohistochemistry for SOX9 on serial sections of these tissues. SOX9 expression was reduced in 4 of 5 PanIN samples with decreased BRG1 expression, but only 8 of 21 PanIN samples with high BRG1 expression showed reductions in SOX9 expression. Furthermore, SOX9 expression was reduced in 5 of 5 PDA samples with decreased BRG1 expression and only in 7 of 22 PDA samples marked by high BRG1 expression ( Figure 7C ). While we observed a strong, but statistically nonsignificant, trend toward BRG1 and SOX9 coexpression in PanINs, a clear statistically significant (P < 0.01) correlation was observed for PDAs. To confirm this correlation, we analyzed BRG1 and SOX9 expression levels against each other across the TCGA mRNA expression data sets of human PDAs ( Figure 7D ). To determine whether Sox9 expression was decreased in the samples in which BRG1 expression was low, we next separated the TCGA samples into high (the higher 75% of BRG1 expression) and low (the lower 25% of BRG1 expression) groups. As a result, we found significant correlation between BRG1 and SOX9 expression in human PDAs ( Figure 7E) . Most of the TCGA samples are considered to be PanIN-derived PDAs, reflecting the general frequency in the patient population (1). We also examined the relationship between BRG1 and SOX9 expression in human PDAs using the Queensland Centre for Medical Genomics (QCMG) mRNA expression data sets (ref. 10) and found the same correlation (Supplemental Figure 8, A and B) . These data further support the conclusion that BRG1 positively regulates SOX9 expression in human PanIN-derived PDAs.
Discussion
Increasing evidence supports the role of chromatin-remodeling regulators in the formation and progression of neoplastic lesions in the pancreas. In particular, loss of the SWI/SNF complex protein BRG1 has been implicated in the formation of IPMN lesions (12) .
In this study, we demonstrated a critical role for the BRG1/ SOX9 axis in acinar cell-derived PanIN-PDA formation. We first showed that loss of BRG1 suppressed KRAS-induced ADM and PanIN formation from pancreatic acinar cells. ADMs and PanINs were significantly (Figure 1, F and G G12D ; Brg1 fl/fl mice retained BRG1 expression, indicating that these ADMs and PanINs were derived from the cells that had escaped Brg1 deletion. This critical role of BRG1 in ADM formation was confirmed by ex vivo primary acinar cell culture. Also, this critical role of BRG1 in PanIN formation was confirmed in the background of pancreatitis and mutant p53 in mice. Furthermore, we also showed that loss of BRG1 suppressed formation of PanIN-derived PDA originating from acinar cells in the back-crossed in a mixed background, and no selection for a specific sex was done in this study. Tamoxifen (Sigma-Aldrich) was dissolved in corn oil and administered subcutaneously at a concentration of 6 mg/20 g body weight per injection. In an inducible dual-recombinase system, tamoxifen was dissolved in peanut oil and administered intraperitoneally at a concentration of 2 mg/mouse for 5 days. Acute pancreatitis was induced by injecting caerulein (50 mg/kg diluted in saline; SigmaAldrich) intraperitoneally on 2 consecutive days once every hour for 8 hours each day.
Clinical samples. Twenty-seven surgically resected specimens of pancreatic cancer tissues were obtained from patients admitted to Kyoto University Hospital.
RNA isolation and quantitative real-time PCR analysis. RNA was isolated using the RNeasy kit (QIAGEN). Complementary DNA was synthesized using the ReverTra Ace qPCR RT Kit (Toyobo). Quantitative PCR (qPCR) was performed with a SYBR Green-based gene-expression assay using a LightCycler 480 System (Roche). Expression levels were normalized using Gapdh as a reference gene. Primers were designed using the Massachusetts General Hospital PrimerBank (https://pga.mgh.harvard.edu/primerbank/). Primer sequences are described in Supplemental Table 4 . All reactions were performed in duplicate.
Immunohistochemistry. Mouse tissue was fixed overnight in 4% paraformaldehyde/PBS, dehydrated into 70% ethanol, embedded in paraffin, and cut into 5 μm thick sections. Paraffin-embedded sections were stained with H&E, Alcian blue, and Nuclear Fast Red (Vector Laboratories). For immunohistochemical staining, antigen retrieval was performed by incubating sections in citric acid buffer (pH 6.0) or EDTA buffer (pH 8.0) for 15 minutes at 98°C. Blocking was performed by incubating sections in blocking solution (Dako). For primary antibodies, incubation was performed overnight at 4°C or for 2 hours at room temperature (RT). Secondary antibodies were incubated for 1 hour at RT. For immunohistochemistry, slides were developed using either the ABC Kit (Vector Laboratories) and DAB Kit (Dako) or the EnVision Kit (Dako), followed by counterstaining with hematoxylin. The primary antibodies used in this study were as follows: rabbit anti-BRG1 (Santa Cruz Biotechnology Inc., catalog sc-10768; dilution 1:500-1000 that the majority of PanINs that were still present 8 weeks after tamoxifen treatment retained BRG1 expression strongly supports the notion that BRG1 activity remains critical in established PanIN. Further studies will be needed to investigate the exact mechanism by which BRG1 prevents apoptosis in established PanINs in more detail.
Furthermore, we observed a correlation between BRG1 and SOX9 expression in human PanIN-derived PDAs, supporting the notion that the BRG1/SOX9 axis is conserved in human PDAs as well. Interestingly, we showed that BRG1 downregulation occurred in approximately 20% of human PanIN-derived PDAs, a fact that might suggest a discrepancy in our data presented here that describe a role for BRG1 in PanIN initiation and maintenance. Of note, a similar discrepancy is also observed in lung cancer (42) . Although BRG1 is mutated at a very high percentage in human lung cancer, BRG1 is required for initiation of KRAS-induced lung adenoma. Two different scenarios might explain these divergent observations. One hypothesis is that human PanINs lacking BRG1 expression might be derived from pancreatic ductal cells. While the formation of PanIN lesions from duct cells in human is still a matter of intense debate, our prior work has shown that Brg1 inactivation in ductal cells in the presence of oncogenic Kras leads to neoplastic lesions in mice (12) . Recent work by others illustrates a transition from duct cells to PanIN/PDA in organoids, but the role of BRG1 in this process has not been ascertained (43) . Another hypothesis is that the BRG1/SOX9 axis might play a tumor-suppressive role in established acinar cell-originated PanIN-derived PDA in a context-dependent manner, similar to what has been seen during IPMN formation and established IPMN-derived PDA (13) . In support of this latter hypothesis, it is known that both low BRG1 and low SOX9 expression correlate with poor overall survival rates for human PanIN-derived PDAs (12, 32) . Further investigation will be required to fully address the temporal activities of BRG1 during PDA formation and progression.
In this study, using copy number analysis, we identified deletions in 19p, the chromosomal location of BRG1, in 2 out of 5 cases with low BRG1 protein expression. We also found that BRG1 gene deletion has a correlation with low BRG1 mRNA expression by analyzing TCGA data. Furthermore, recent studies showed that loss of BRG1 protein via aberrant splicing and epigenetic regulations is more common than reductions in gene expression via mutations (11), suggesting the possibility for similar mechanisms in our 5 PDA cases with low BRG1 protein expression.
In conclusion, we demonstrate that BRG1 is critical for ADM/ PanIN formation and maintenance of established PanIN. BRG1 elicits its function at least in part through regulation of SOX9 expression during ADM/PanIN formation. Importantly, similar interactions between BRG1 and SOX9 expression are observed in human PDAs. Although future studies are needed to clarify the roles of BRG1 in established PanIN-derived PDA, our findings reveal a tumor-promoting role for BRG1 in the initiation and maintenance of PanIN. Our data underscore the cell type-specific, context-dependent roles of BRG1 in PDA initiation and progression and suggest that the BRG1/SOX9 axis is a potential druggable target for prevention of PDA. jci. Primer sequences for putative binding sites of BRG1 on Sox9 promoter regions were described previously (12) . The following primer sequences were used for putative binding sites of PDX1 on Sox9 promoter regions: Sox9 (-1475 bp): forward: 5′-TAAAGCGAATCG-GCCTGTAT-3′, reverse: 5′-ACGAGTTCCTTTCCCCAAAT-3′; Sox9 (-3205 bp): forward: 5′-TAGACGAGGTCCCCACTTTG-3′, reverse: 5′-GGCTCAGTCACTTGCATTTTC-3′; Sox9 (-28 kb): forward: 5′-AGATCCACCCTGCAAACAAG-3′, reverse: 5′-AAGATCCTGGGT-GTTTGCTG-3′; Sox9 (-70 kb): forward: 5′-CATCGTGCCTAATATC-GCCTA-3′, reverse: 5′-TGATTGTTGCACCACCAACT-3′.
Targeted sequencing. For DNA extraction, 5 cut sections of 10 μm thickness were prepared from formalin-fixed, paraffin-embedded (FFPE) tumor tissue from each patient, and genomic DNA was extracted using the GeneRead DNA FFPE Kit (QIAGEN). For sample preparation, 200 ng of genomic DNA was used as input for library preparation using the KAPA Hyper Prep Kit (Kapa Biosystems), followed by targeted capture using a SureSelect Custom Kit (Agilent Technologies), for which 67 pancreatic cancer-associated genes, including BRG1, and 1,250 SNPs regularly scattered throughout the genome were selected. Next-generation sequencing was performed using the Illumina HiSeq 2500 platform with a standard 125-bp paired-end read protocol. The average read depth was ×457, and the average percentage of targeted bases covered by at least ×100 was more than 99%. Sequence alignment and mutation calling were performed using our in-house pipelines, as previously described (51, 52) , with minor modifications. Mutations were called and filtered by excluding (i) synonymous SNVs; (ii) variant allele frequency (VAF) of less than 0.05; (iii) strand ratio equal to 0 or 1; (iv) EBCall -log P value of less than 4, using sequencing data of 20 FFPE normal pancreatic tissues as controls; (v) known variants listed in the 1000 Genomes Project (http://www.internationalgenome.org/; October 2014 release), National Heart, Lung, and Blood Institute Exome Sequencing Project (ESP) 5400 (http://evs.gs.washington. edu/EVS/), and the Human Genetic Variation Database (HGVD: http://www.hgvd.genome.med.kyoto-u.ac.jp/, April 2016 release). The variants with 0.35 < VAF < 0.65 that were protein-truncating variants or were registered in the Catalogue of Somatic Variations in Cancer (COSMIC) (https://cancer.sanger.ac.uk/cosmic) were considered to be somatic mutations. All variants with VAF less than 0.35 or VAF greater than 0.65 were considered as somatic mutations. In PDA_3, a missense variant in BRG1 was confirmed in tumor and paired normal tissues by amplicon sequencing and found to be a germline variant. Copy number analyses were performed by in-house pipelines, named CNACS, as previously described (53) .
For quantitative analysis of PanIN areas, measurements were performed either by assessing Alcian blue-positive areas or claudin-18-positive areas using ImageJ (NIH). Five complete pancreas sections per mouse were analyzed. ADM-like lesions contained metaplastic units that exhibited open and/or distended lumens containing acinar and/or ductal-like cells, as previously described (48, 49) . The entire pancreatic area was also measured using ImageJ. Quantifications of BRG1-positive/negative ADM-like lesions/PanINs were performed on samples stained with Alcian blue and immunostained for BRG1. Three complete pancreas sections per mouse were counted. In the Sox9 overexpression animals, BRG1 staining of PanINs in 5 random high-power microscopic fields for 3 sections per mouse was quantified. We defined the BRG1-positive ADMs or PanINs and SOX9-positive ADMs or PanINs as the lesions in which more than half of the cells of each ADM or PanIN lesion were positive for BRG1 and SOX9, respectively. All quantitative analyses were performed in at least 3 animals per genotype.
Acinar cell isolation and culture. Mouse pancreata were chopped into small pieces and digested with collagenase P (0.2 mg/ml) for 10 minutes. After 2 washes with HBSS buffer containing 5% FBS, the tissue suspension was filtered through a 100 μm cell strainer. The flowthrough was layered onto an HBSS plus 30% FBS solution and centrifuged. The cell pellet was centrifuged, resuspended in 1:1 acinar cultured media that included a rat-tail collagen type I solution (1 mg/ ml final collagen concentration), and added onto a well coated with rat-tail collagen type I. Acinar-cultured media was composed of Waymouth's Medium (Thermo Fisher Scientific) plus 10% FBS plus 1% penicillin/streptomycin plus 100 μg/ml trypsin inhibitor plus 1 μg/ml dexamethasone (17, 50) .
Adenovirus infection. After acinar cell isolation, cell pellets were resuspended into acinar-cultured media, infected with 300 MOI Ad5-Cre-GFP or Ad5-GFP (Vector Biolabs), and incubated for 2 to 3 hours. Cells were then pelleted and resuspended in acinar-cultured media. For the RT-PCR analysis of adenovirus-infected acini, paired t test was used to compare expression changes among individual mice.
Gene-expression analysis. . Transcriptome profiling was performed using SurePrint G3 Mouse Gene Expression 8x60K v2 (Agilent Technologies). Raw data were normalized using GeneSpring GX 14.5 (Agilent Technologies). To gain functional insights into the differentially expressed genes, DAVID Bioinformatics Resources 6.8 from the National Institute of Allergy and Infectious Diseases was used.
For the BRG1-associated gene-expression analysis, a cohort of patients with pancreatic cancer was studied (150 patients in the TCGA data set and 96 patients in the QCMG data set). BRG1 hi tumors were defined as the higher 75% of tumors with positive z scores in each data set. Conversely, BRG1 lo tumors were defined as the lower 25% of tumors with negative z scores in each data set. ChIP experiments. ChIP was performed using the iDeal ChIPseq Kit for Transcription Factors (Diagenode). Briefly, freshly isolated acinar cells were dual crosslinked using ChIP cross-link Gold (Diagenode) for 30 minutes at RT, followed by fixation in 1% formaldehyde (28906, Thermo Fisher) for 10 minutes at RT and quenching with 125 mM glycine. Fixed cells were lysed and subsequently
